In eukaryotic cells, 3 0 untranslated regions (3 0
INTRODUCTION
Posttranscriptional control of mRNA fate can be achieved through affecting either mRNA stability or translational efficiency, or both. Uncoupling of translation from transcription has been observed in a variety of developmental and physiological processes, such as the control of tumor necrosis factor a (TNFa) expression in macrophages, the formation of dendritic trees in brain, and the development of oocytes and early embryos [1] [2] [3] . Posttranscriptional mRNA fate control, particularly delayed translation, also has a pivotal role in spermatogenesis. During spermiogenesis, de novo transcription ceases completely because of chromatin condensation, which commences in step 9 spermatids [4, 5] . The mRNAs encoding proteins needed for later spermatid differentiation (steps 9-16 in mice) must therefore be transcribed prior to step 9 spermatids and then stored in ribonuclear protein particles (RNPs) until translation in subsequent steps of late spermiogenesis [4, 6] . Protamine mRNAs, for example, are transcribed in round spermatids (steps 1-8) [7] , whereas translation occurs more than 1 wk later in elongated spermatids (steps [12] [13] [14] [15] [8, 9] .
Messenger RNA-enriched RNPs (mRNPs) represent the union of RNA-binding proteins (RBPs) and their target mRNAs [6, 10, 11] . The mRNPs interact with other components in RNP granules (i.e., nuage, intermitochondrial cement, germinal granules, chromatoid body, etc.) to exert many functions, including degradation, processing, localization, and storage [6, 12, 13] . Although in general mRNPs are considered to be translationally inactive, there is evidence suggesting that mRNP complexes can also associate with polysomes [14, 15] . The mRNA transcripts are bound by proteins throughout their lifespan, and studies have shown that RBPs that bind motifs in 3 0 untranslated regions (3 0 UTRs) are more likely to be involved in the control of mRNA stability and translational status [16] .
In Postnatal Day 17 (P17) testes, late pachytene spermatocytes first appear and numerous mRNAs are transcribed in these cells, some of which are translationally suppressed until the haploid phase of spermatogenesis [17] . In P22 testes, the number of haploid round spermatids increases drastically, but no elongating/elongated spermatids are present yet. Round spermatids synthesize numerous mRNAs that are not translated right away, but become stabilized and translationally suppressed until late spermiogenesis in elongating/elongated spermatids [17] . In P17 and P22 testes, translationally delayed transcripts are present in a form of mRNPs located in RNP granules, including intermitochondrial cement/nuage in pachytene spermatocytes and chromatoid bodies in round spermatids [6, 18] . In adult testes, many of those transcripts sequestered and confined to mRNPs start to be released from RNP granules and become associated with translational machinery assembled around ribosomes in either round spermatids or elongating/ elongated spermatids [17] .
A previous study from the Hecht lab examined mRNA distributions in RNP and polysome fractions in the testes at three time points (P17, P21, and adult) using microarray analyses, and a total of 764 mRNA transcripts were identified to display delayed translation during late meiotic and haploid phases of spermatogenesis [17] . In this study, we analyzed the 3 0 UTRs of these transcripts, aiming at identifying elements that are unique to or overrepresented in transcripts subject to delayed translation using a sequence-matching computer program that we developed (Sequery version 1.0). Our bioinformatic analyses yielded sequence elements that potentially are the binding sites for RBPs in the control of mRNA fate during spermatogenesis.
MATERIALS AND METHODS

Grouping of mRNAs Subject to Posttranscriptional Regulation During Late Spermatogenesis
Messenger RNAs subject to posttranscriptional regulation during late meiotic and haploid phases of murine spermatogenesis were collected from supplemental data of the Iguchi et al. paper [17] . Groups UpA, UpB, UpC, DownA, DownB, and DownC are listed in supporting table 10 as Ia, Ib, Ic, IIa, IIb, and IIc, respectively (Iguchi et al. [17] ; http://www.pnas.org/content/suppl/ 2006/04/27/0510999103.DC1/10999Table10.pdf). The control group was gathered from supporting table 3, which collected genes detected at all three time points without significant changes in levels between RNP and polysome fractions (Iguchi et al [17] ; http://www.pnas.org/content/suppl/2006/04/27/ 0510999103.DC1/10999Table3.pdf). UpLate was collected from supporting table 7, which contains genes that are absent in P22 polysomes but present in adult polysomes (Iguchi et al. [17] ; http://www.pnas.org/content/suppl/2006/ 04/27/0510999103.DC1/10999Table7.pdf).
Collection of 3 0 UTR Sequences
Gene symbols of the relevant groups were collected from the Iguchi et al. paper [17] . Any gene symbol that existed in both the experimental group (containing transcripts displaying posttranscriptional regulations) and the control group (containing mRNAs without changes in translational rate) was removed from the control group. Any duplicates that appeared within an experimental group were removed. The gene symbols remaining in each of the experimental groups were analyzed using UTRdb [19] (http://utrdb.ba.itb.cnr.it/ ) to identify their 3 0 UTRs. If multiple 3 0 UTRs were given, they were checked for redundancy. If they overlapped, the shorter UTRs were removed from the group. If they did not overlap, all were kept. Alternate symbols/names for genes were gathered using the MGI database [20] (http://www.informatics.jax.org/). The 3 0 UTRs for alternate gene names were obtained from UTRdb. If both a gene and an alternative name for that gene were found, the UTRs were examined to make sure they did not overlap. If they did, the longer one of the two was kept. If they did not, both were kept. A total of 2000 genes were randomly selected from the control group and 3 0 UTRs were found using the same protocol as described for the experimental groups.
Sequery, a Computer Program for Sequence Matching
Sequery (version 1.0) is an in-house computer program built to take input sequences from databases (e.g., 3
0 UTRs) and find matches to the search query. This program does not perform statistics; for this study we used Sequery only for finding sequence matches. Sequery uses several strategies for sequence matching depending on the query type. For a seven-nucleotide search, we created a list of all possible seven-nucleotide sequence combinations. For the longer searches, Sequery used each sequence of specified length that could be possibly generated from the 3 0 UTRs themselves, and matched this sequence to the same group of 3 0 UTRs, thus generating a list of sequences appearing at least twice in the group. Sequery makes it possible to search any sequence while allowing substitutions, and this program also accepts International Union of Pure and Applied Chemistry nomenclature for variation, allowing for searching of known sequence elements. Sequery version 1.0 can be freely downloaded from the Yan lab website at http://www.medicine.nevada.edu/yan.
Known Element Search
A list of sequences of known RBP target sites was obtained from the existing literature [6, . However, this list of elements was not exhaustive. Not all elements or RBP targets were known to be involved in mammalian spermatogenesis. Several were RBP target sequences discovered in lower animals that have a mammalian homolog. Other elements are known to be expressed in somatic cells but may have function in spermatogenesis. The RBP/ elements (or homologs) that have been observed at least in the mammalian testis include the following: AREs, hnRNP D (AUF1), CELF3 (BRUNO), CPE, CPSF2 (CPSF), DAZAP1, DAZL, CELF1 (EDEN), hnRNP A1, ELAVL1 (HuR), YBX2 (MSY2), CSDA (MSY4), PUM2, KHDRBS1 (SAM68), SBE (QK), TIA-1, and TIAL1 (TIAR) [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . Several elements/ RBP-binding sites gathered were not well elucidated in mammalian cells, so homologs in other species were used in the hope that some of them might be conserved. The BRUNO target sequence comes from Drosophila ovary [31] . The E2, EDEN, CPE, PRE, Vm1, and CPSF sequences come from Xenopus oocytes [23] [24] [25] 38] . Fem-3 and TGE came from Candida elegans [29, 40, 43] , and NRE came from Drosophila [27] . The rest came from murine cells, but none of the binding sites were specifically discovered from germ cells [21, 30, 34-37, 39, 40] , except germ cell-specific ones, such as DAZL and DAZAP1 [26, 28, 41] . The specific sequences used for the search are given in Supplemental Table S1 (all Supplemental Data for this paper are available online at www.biolreprod.org). These sequences have variability, so a search using the International Union of Biochemistry nomenclature for variability was performed for these known sequences using Sequery 1.0. This program created all possible sequences that would make up the set of sequences given by the RBP-binding site or element given in the literature. For each group the number of transcripts containing the element was counted.
Unbiased Search for Conserved Elements
For the seven-nucleotide sequence search, all possible combinations of seven-nucleotide sequences were generated as queries using Sequery. Using the same program, all transcripts containing matches in each group were identified. The number of transcripts that had exact matches in their 3
0 UTRs was counted for each group. If a transcript had more than one match to the query, the transcript was still only counted once.
For the 10-, 12-, 15-, and 20-nucleotide exact searches, every sequence of specified length (i.e., for the 10-nucleotide search, each 10-nucleotide sequence that could be formed from the 3 0 UTRs) in the 3 0 UTR was used as a query sequence to find matches in other 3 0 UTRs. Only those queries that were matched to other 3 0 UTRs were recorded. This effectively results in a list of query sequences that were found in at least two separate 3 0 UTRs within a group. Using these query sequences, each group was searched for exact matches. The number of transcripts containing an exact match was calculated for each group.
For 10-, 12-, 15-, and 20-nucleotide nonexact searches, substitutions were allowed, so that elements with variability could be found, but the query sequences used were the same as for the exact match searches. The number of substitutions allowed in 10-, 12-, 15-, and 20-nucleotide nonexact searches was one, one, two, and three, respectively. This was done using the Sequery substitution search option. Given the potential for the control group to have regulatory elements (consistent with the above protocol), 10-, 12-, 15-, and 20-nucleotide exact and nonexact searches were also conducted using sequences found in at least two transcripts of the control group.
MicroRNA and Endo-siRNA Search
Using the MicroCosm [57, 58] online search protocol given on the EMBL-MBI website (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/), mRNAs in each group were searched for binding sites for known miRNAs. The miRNAs that can target mRNAs in each of the eight groups were collected and the underrepresentation/overrepresentation of targets of a particular miRNA in any of the seven groups compared with the control was evaluated by statistical analyses. Using endo-siRNAs gathered from an analysis of the whole genome [59] , a matching analysis was performed with all eight groups. The complement and reverse complement were generated using Sequery, and these were then used to test for matching with the 3 0 UTRs of all groups. Given that endosiRNAs match with 100% complementarity, no substitutions were allowed.
Statistical Analysis
A Fisher exact test was used to calculate P values, which correspond to the number of transcripts found by each sequence for each group or the number of transcripts in each group found by each miRNA. Experimental groups were compared to controls. An Excel file preprogrammed to do this type of test was found at http://udel.edu/;mcdonald/statfishers.html.
Because multiple sequences were tested, a P value correction was performed in order to reduce the chance of false positives. The simplest and most strict correction is the Bonferroni correction [60] , which manipulates the P value cutoff to account for the number of searches done by dividing the cutoff by the number of searches, the result of which is the adjusted cutoff. Similarly, by multiplying the P value from the Fisher test, an upper limit on the P value is given. This upper limit is referred to in the tables as the ''adjusted P value.'' This adjusted P value, therefore, is not limited to values less than 1.
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RESULTS
Seven Groups of Translationally Regulated mRNA Transcripts During the Late Meiotic and the Haploid Phases of Spermatogenesis
Earlier microarray analyses have identified transcripts with significant changes in levels between mRNP and polyribosome fractions at three developmental time points (i.e., P17, P22, and adult) in the mouse testes [17] . Based on the common patterns of upregulation or downregulation, we divided the translationally regulated mRNA transcripts during the late meiotic and the haploid phases of spermatogenesis into a total of eight groups-UpLate, UpA, UpB, UpC, DownA, DownB, DownC, and control ( Fig. 1) . Group UpLate contained mRNAs transcribed in round spermatids (P22) and translated in elongating/elongated spermatids (adult). The mRNAs in the control group began transcription in late spermatocytes (P17) and showed no changes in translational rate from P17 to adult. Transcripts in the remaining six groups were all transcribed in late pachytene spermatocytes (P17) but displayed enhanced or reduced translation between two of the three developmental time points (P17, P22, and adult). Group UpA contained mRNAs showing enhanced translation from P17 to P22 (from late pachytene spermatocytes to round spermatids), whereas mRNAs in group DownA displayed reduced translation over the same time period. Group UpB represented mRNAs with enhanced translation from round spermatids (P22) to elongating/elongated spermatids (adult), and group DownB contained mRNAs with reduced translation for the same period. Group UpC represented mRNAs that increased translation from late pachytene spermatocytes (P17) to elongating/elongated spermatids (adult), whereas group DownC consisted of mRNAs with reduced translation over the same period. Enhanced or reduced translation was determined based on relative association of transcripts with RNPs and polyribosomes [17] . These groups are not necessarily mutually exclusive. For example, a gene (e.g., Celf2) that was translationally upregulated between P17 and P22 and stayed upregulated in adult compared with P17 would be a part of both UpA and UpC. There are many genes known to be essential for spermatogenesis [61] in each group, including Celf2, Paip1, Zpbp, and Vdr in UpA; Pgk2, Odf2, Dcp1a, and Top3b in UpB; Celf1, Ddx25, Spag6, and Tial1 in UpC; Tnp1, Prm2, Sept4, and Hils1 in UpLate; App, Klf4, and Cstf2 in DownA; Cdkn1c, Pvrl2, and Msh4 in DownB; Esx1, Prkcd, and Ube2a in DownC; and Piwil2, Catsper2, Crem, and Cstf2t in the control group. There was variability in length distribution between the groups ( Fig. 2A ), but little difference in nucleotide composition between them (Fig. 2B) . The 3 0 UTRs of transcripts in UpA (average length, ;1451 bp), UpB (;1251 bp), UpC (;1400 bp), and DownA (;1324 bp) groups appeared to be longer than those in UpLate (;958 bp), DownB (;949 bp), and DownC (;985 bp) groups. The average length of 3 0 UTRs for transcripts in the control group (;1081 bp) is between the longer and shorter regulated groups. The difference in 3 0 UTR length may itself be part of the regulatory mechanism because d22), and adult. Group UpLate contains mRNAs transcribed in round spermatids (d22), and translated in elongating/elongated spermatids (adult). The control group was transcribed in pachytene spermatocytes (d17) and showed no changes in translational rate from d17 to adult. Transcripts in the remaining six groups were all transcribed in late pachytene spermatocytes (d17) but displayed enhanced or reduced translation between two of the three developmental time points. Group UpA contains mRNAs showing enhanced translation from d17 to d22 (from late pachytene spermatocytes to round spermatids), whereas mRNAs in group DownA displayed reduced translation over the same time period. Group UpB represents mRNAs with enhanced translation from round spermatids (d22) to elongating/elongated spermatids (adult), and group DownB contains mRNAs with reduced translation for the same period. Group UpC represents mRNAs increasingly translated from late pachytene spermatocytes (d17) to elongating/elongated spermatids (adult), whereas group DownC consists of mRNAs with reduced translation over the same period. Enhanced or reduced translation was determined based on relative association of transcripts with RNPs and polyribosomes [17] .
POTENTIAL MOTIFS CONTROLLING DELAYED TRANSLATION
it has been shown previously that the length of 3 0 UTRs can correlate with the number of binding sites for RBPs or regulatory RNAs [62] . However, the difference in length may bias the data, giving greater hits to groups UpA, UpB, UpC, and DownA, while rendering fewer matches to the rest of the groups. This should be particularly true for sequences that are extremely common in both the experimental and the control groups (e.g., highly A-rich sequences). We therefore chose a highly conservative multiple testing correction, the Bonferroni correction [60] , to overcome this problem.
Search of Known Motifs for Specific RBPs Known to Be Involved in the Control of mRNA Fate
To show a proof of the basic concept of looking for regulatory motifs in 3 0 UTRs of these posttranscriptionally regulated groups, we searched a total of 32 queries using known elements or known RBP recognition sites that were gathered from the current literature [6, (Supplemental Table S1 ). The search yielded 1 significant query for UpA, 15 significant queries for UpC, and 3 significant queries for UpLate (Table 1) . Interestingly, the significant queries for UpA and UpC were overrepresented, whereas the same queries for UpLate were underrepresented. For example, ELAVL1 (commonly known as HuR) binding motifs were significantly overrepresented in the UpC (gradually enhanced translation from late pachytene spermatocytes in P17 testes to late spermatids in adult testes) but significantly underrepresented in UpLate (transcribed in round spermatids in P22 testes and translated in elongating/elongated spermatids in adult testes; Table 1 ). Transcripts in UpC were transcribed prior to meiotic cell divisions, whereas transcripts in UpLate were transcribed IDLER ET AL.
postmeiotically. Both, however, were translationally upregulated in the adult testes compared with juvenile testes that do not yet contain elongating/elongated spermatids. The full list of locations and corresponding sequences for the binding sites in each 3 0 UTR and for each known motif is too extensive to be included as supplemental data, but it will be available upon request.
Unbiased Searches for Potential Motifs Unique to or Overrepresented in Transcripts Subject to Delayed Translation During Spermiogenesis
The unbiased search included searches from 7 to 20 nucleotides in size, both exact and with substitutions. The results of each search are described below. A complete list of statistically significant sequences can be found in list form in Supplemental Table S2 . This includes hits from the 7-to 20-nucleotide exact and nonexact matches, and the single significant hit from the miRNA search. A graphical representation of the search is shown in Figure 3 for the sevennucleotide search and in Figure 4 for the 10-to 20-nucleotide exact and nonexact searches. An overview of all of these searches, including the number of significant sequences in each group and the Bonferroni correctors, is summarized in Table 2 .
Seven-nucleotide search. In group UpA (enhanced translation from P17 to P22), one sequence (AUUGAGU) was identified to be significantly overrepresented ( Fig. 3 and Supplemental Table S2 ). In group UpC (enhanced translation from P17 to adult), 70 sequences were significantly overrepresented, most of which are some variation of AU-rich sequences ( Fig. 3 and Supplemental Table S2 ). This includes several known AU-rich elements (AREs), such as the polyadenylation signal (PAS) A(A/U)UAAA. The rest of the transcripts in the experimental groups (UpB, DownA, DownB, DownC, and UpLate) were not significantly different from controls ( Fig. 3 and Supplemental Table S2 ).
Ten-nucleotide exact and nonexact search. For the exact search, UpA had one significant sequence (UUGAGUCCUA); DownA had four significant sequences, DownB had three significant sequences, and DownC had two significant overlapping sequences (AUGUAUUGAUA), but the rest of the groups had none (Fig. 4 and Supplemental Table S2 ). For the 10-nucleotide search with one substitution, there were 10 significant sequences for UpA, 1 for UpB (UUGAGGGACA), 363 for UpC (primarily AU-rich), 9 for DownA, 1 for DownB, 1 for DownC, and none for UpLate (Fig. 4 and Supplemental Table S2 ).
Twelve-nucleotide exact and nonexact search. For the exact search, UpA had five significant sequences, UpB had three, UpC had one, DownA had two, DownB had four, and DownC had four, but the UpLate had none that were significant (Fig. 4 and Supplemental Table S2 ). For the 12-nucleotide search with one substitution, there were 16 significant sequences for UpA, 1 for UpB, 99 for UpC, 3 for DownA, 6 for DownB, 12 for DownC, and none for UpLate (Fig. 4 and Supplemental Table S2 ).
Fifteen-nucleotide exact and nonexact search. In the exact matching search, UpA, DownA, and DownB all had one significant element, but none of the other groups did (Fig. 4 and Supplemental Table S2 ). Allowing for two substitutions, we found 13 significant sequences for UpA, 197 for UpC, 1 for DownA, 14 for DownB, 30 for DownC, and zero for UpB and UpLate (Fig. 4 and Supplemental Table S2 ).
Twenty-nucleotide exact and nonexact search. For the exact 20-nucleotide search, UpA and UpB each had a single significant sequence, whereas the other groups had none. For the nonexact search, UpA had 8, UpC had 42, and DownA had 27 ( Fig. 4 and Supplemental Table S2 ). The other groups had none.
FIG. 3. Search results for overrepresented or underrepresented sequence motifs in the 3
0 UTRs of mRNAs subject to delayed translation during spermatogenesis. The y-axis represents the unadjusted P value of each search. The red line marks the level of significance required using a Bonferroni correction. Results of a biased search using known motifs as query sequences, miRNA search (using miRNA seed sequences), and seven-nucleotide search (sequences of all random seven-nucleotide combinations) are shown.
POTENTIAL MOTIFS CONTROLLING DELAYED TRANSLATION
Refined Putative Motif List
We gathered a list of putative motifs by considering a number of factors, including rarity in the control group, high hit ratio difference between experimental and control, complexity of sequence, and low P value. This list was then consolidated into a refined list based on similarities between sequences (Table 3 ). In Table 3 , qualitative descriptions of the sequences were designated ''strong,'' ''medium,'' and ''weak'' based on the number of times a sequence appeared in the refined list of a group. Variables such as the length and similarity of multiple appearances were also taken into account when designating qualitative descriptions. ''Strong'' implies more than four independent instances of the same sequence within the refined list for a single group, ''medium'' implies three to four instances, and ''weak'' implies two to three. For example, AU(U/A)(U/A)UGAGU was found in two sequences of the seven-nucleotide searches for UpA (enhanced translation from P17 to P22), and in three of the 10-nucleotide exact sequences. The putative motifs displaying the strongest positive correlation in each group include the following: AU(U/A)(U/A)UGAGU for UpA (enhanced translation from P17 to P22); AUCUU for UpB (enhanced translation from P22 to adult); (G/A)GUACG(U/C/A)(A/U)(A/U) for UpC (enhanced translation from P17 to adult); CGAU(A/G/C) for UpLate (late transcription in P22 and translation in adult); GUACG for DownA (reduced translation from P17 to P22); none for DownB (reduced translation from P22 to adult); and AUCUGCA for DownC (reduced translation from P17 to adult). Interestingly, group UpLate displayed a strong negative association with a putative motif: UUUGU(U)A(G/A). This motif is common in the control group but mostly absent from group UpLate. The discovery of a motif more common in the control group than a regulated group was initially surprising because it was thought this group was an ''unregulated'' group. However, this is consistent with other studies showing that elements can be necessary for the regulation of ''unregulated'' groups [63] .
MicroRNA and Endo-siRNA Search
Both RBPs and miRNAs/endo-siRNAs can affect mRNA fate by binding to the 3 0 UTRs, and recent data have increasingly suggested that there is interplay between these two factors in the control of mRNA fate [64] [65] [66] [67] . The 3 0 UTR for each transcript can have multiple potential miRNA targeting sites, as predicted by the MicroCosm online program [57, 58] based on different algorithms on miRNA target prediction. To identify potential motifs targeted by a specific set of miRNAs/endo-siRNAs, we collected and analyzed all of the miRNAs and endo-siRNAs that are predicted to target transcripts in each of the eight groups. We found only one miRNA (mmu-miR-411) that was significantly overrepresented in all of the seven experimental groups (Fig. 3) . Mmu-miR-411 possesses the ''seed sequence'' that can bind significantly more in the DownC group (transcripts with reduced translation from P17 to adult) than in the control. UpC (transcripts with enhanced translation from P17 to adult), DownA (reduced translation from P17 to P22), DownB (reduced translation from P22 to adult), and DownC (reduced translation from P17 to 
P22) all had several miRNAs displaying large differences in target percentages between groups that did not pass the significance threshold (Supplemental Table S3 ). The UpC group had miRNA targets that were underrepresented compared with the controls, but the downregulated groups all had miRNA targets that were overrepresented compared with the controls. For example, mmu-miR-671-3p bound to 1.3% of transcripts in UpC but 4.9% in the control group, whereas mmu-let-7c-1* bound to 22.7% of transcripts in DownB but only 3.6% of control mRNAs. A survey of our published miRNA-Seq data [68] revealed that many of these miRNAs are indeed expressed in pachytene spermatocytes and round spermatids (Supplemental Table S3 ).
The endo-siRNA search identified only three matches, but none hit more than once in any group. Thus, there was no significant difference. Given that endo-siRNAs bind many 3 0 UTRs of transcripts in the testis in a fully complementary manner [59] , it is possible that transcripts with matches may have been degraded and thus at undetectable levels at one or more time points.
DISCUSSION
Increasing lines of evidence have suggested that the 3 0 UTRs of mRNAs contain numerous regulatory elements that can recruit RBPs or small noncoding RNAs (e.g., miRNAs or endosiRNAs) together with their effector complexes, and thereby control mRNA fate by affecting mRNA stability, cytoplasmic compartmentalization, and translational status [6, 10] . Binding to 3 0 UTRs by RBPs can have either positive or negative effects on mRNA stability and translational efficiency. One example is ARE-binding proteins (AUBPs). Some AUBPs, such as zinc finger protein 36 (ZFP36), butyrate response factors 1 and 2 (BRF1 and BRF2), T-cell intracellular antigen 1 (TIA-1), and KH-type splicing regulatory protein (KHSRP), bind AREs and induce mRNA decay, whereas ELAVL1 (HuR) can compete with those proteins for the same motif in 3 0 UTRs, and once bound, ELAVL1 generally stabilizes mRNAs and can regulate protein production [21] . Consistent with the known roles of ELAVL1 in mRNA fate control [21] , our analyses of known motifs discovered that ELAVL1-binding motifs were significantly overrepresented in UpC (transcribed in late pachytene spermatocytes and translated in elongating/elongated spermatids) and significantly underrepresented in UpLate (transcribed in round spermatids and translated in elongating/elongated spermatids). This finding is interesting because it suggests that ELAVL1 appears to be involved in translational suppression and/or protection from degradation for those mRNAs transcribed before meiotic cell division, but not after. ELAVL1, which has been shown to be essential for meiosis, is involved in the movement of mRNAs from RNPs to polysomes [44] . Our data suggest ELAVL1-mediated posttranscriptional control is likely only active for the subset of mRNAs that are transcribed in spermatocytes. One possible explanation is that ELAVL1 might bind its targets in the nucleus before translocating to RNPs in spermatocytes [69] , but in round spermatids signals may be present that prevent the binding or translocation [70] . Alternatively, this could suggest that the ELAVL1-binding motifs used in our search are more representative of those of the premeiotic ELAVL1. This is of note because ELAVL1 affinity can be changed by CHEK2 (CHK2) phosphorylation [71] . Indeed, in wild-type mice, ELAVL1 affinity to Hspa2, a known ELAVL1 target mRNA, increases 20-fold from P17 to adult [44] .
Cytoplasmic polyadenylation element (CPE) is also significantly overrepresented in UpC and underrepresented in UpLate. CPE-binding protein (CPEB1) is involved in the lengthening of the poly(A) tail. Normally this is accompanied by reduced degradation and increased translation rates [72] . However, in elongating spermatids, a reduction in the length of the poly(A) tail is accompanied by an increase in translation rates [73] . The prevalence of CPE in UpC and its scarcity in UpLate may be related to this process.
It is surprising to note the lack of significant sequences among mRNAs in the UpLate group (transcribed in round spermatids and translated in elongating/elongated spermatids), considering that this group is one of those most dynamic in its regulation. This may imply that either these transcripts are primarily regulated by mechanisms other than motifs in their 3 0 UTRs, or that they are regulated by a large variety of unique motifs for more nuanced fate control (i.e., there is no master control motif for this group). Among all of the sequence elements identified to be significantly overrepresented or underrepresented in groups showing delayed translation compared with in controls, most were found in the early transcribed (in late pachytene spermatocytes at P17) and late upregulated (in late spermatids in adult testes) group (UpC). This may be because this group had a larger sample size with longer 3
0 UTRs, or it may be due to the fact that this group of transcripts experiences a longer period of translational suppression compared with others. The search that had the most significant P values was the 10-nucleotide search with one substitution. The sequence with the highest significance was GUAAAAAAAA in the UpC group, with a P value of 3.4 3 10 À7 . Most of the other very highly significant queries were also highly A rich or U rich. As length increased, the number of common sequences grew to dominate the list of statistical significance. Many sequences of simple nucleotide repeats were quite common in the longer searches. For example, highly A-or U-rich sequences accounted for most significant sequences for 15-and 20-nucleotide searches (Supplemental Table S2 ). This may imply these sequences represent similar AU-rich motifs. However, it is more likely that they are not involved in posttranscriptional regulation and are artifacts of the high A-U content of the 3 0 UTRs in conjunction with differing length of groups. Furthermore, long sequences tended to overlap, matching to the same transcripts and the same locations in 3 0 UTRs. These characteristics make the results of longer sequence searches unreliable for finding important regulatory motifs. For this reason, results of shorter searches should be more reliable, and thus they were used for developing a refined list of putative motifs.
The 3 0 UTRs can also be targeted by small noncoding RNAs (sncRNAs), such as miRNAs and endo-siRNAs [74] . MicroRNAs and endo-siRNAs both have been shown to compete with RBPs, thus creating a dynamic equilibrium that controls the stability and aggregate translation of the mRNAs [75] . Therefore, miRNAs and endo-siRNAs may represent a class of main regulators in mRNA fate control besides RBPs. The rules for miRNA binding are based on energy of binding, matching in the seed sequence, vicinity to AU-rich sequences, evolutionary conservation, etc. [76] . The rules for endo-siRNAs are presumably very simple: targets must have complete complementarity in matching. However, the rules for binding and regulation of the other sncRNAs are not well known. For this reason, we only analyzed miRNA and endo-siRNA in the present study. However, once the effects and binding targets are discovered, an analysis of other types of sncRNAs will be vital to discovering factors involved in mRNA fate control for spermiogenesis. In particular, an analysis of MSY-RNAs [77] may potentially be very useful.
The potential motifs identified in this study need to be further validated experimentally using different techniques IDLER ET AL.
(e.g., cross-link RNA immunoprecipitation assays [CLIPs] , gel mobility shift assays, etc.). The list of potential motifs identified through the bioinformatic searches described here provides a means of discovering RBPs that interact with these motifs. Alternatively, a loss-of-function study by deleting a putative element identified in this study will test if it is essential for the mRNA fate control. Further comparison of transcripts that have similar fates (i.e., observing more time points to further separate the groups) would be advantageous in determining what nuances are involved in posttranscriptional regulation. This would be useful in explaining similarly fated transcripts that have different elements in their 3 0 UTRs. Likewise, a comprehensive comparison of multiple elements on the same 3 0 UTRs may help us gain insights into how regulatory factors interact to control transcript fate.
An intriguing hypothesis is that elements may be evolutionarily selected against high-affinity binding. RBPs or other factors (e.g., small RNAs and their effector complexes) must bind to and release from a particular element at the correct time. Binding too strongly may interfere with the proper detachment and would result in misexpression. In this case, a wide variability of sequences should be observed for a particular element. This may explain why most of the known elements display highly variable sequences and why nearly all of the potential elements identified in the experimental groups were also found in control groups. This hypothesis could be tested by the creation of higher-affinity elements through positive selection protocols. When the endogenous elements are replaced by artificial elements with much higher affinity, it may cause dysregulation if this hypothesis is correct.
In summary, bioinformatic analyses on 3 0 UTRs of transcripts that are subject to delayed translation revealed that numerous sequence elements were either overrepresented or underrepresented compared with transcripts that are not subject to delayed translation during spermatogenesis. Our data suggest that it is highly likely that these potential elements may function as the binding sites for RBPs and/or sncRNAs, which may compete with each other and thereby affect the fate of mRNAs. Although further experimental validation and screening are needed, this study represents an initial step to identify ''secret codes'' embedded in the 3 0 UTRs of mRNA transcripts destined for delayed translation during spermatogenesis.
